Despite evidence that gd T cells play an important role during malaria, their precise role remains unclear. During murine malaria induced by Plasmodium chabaudi infection and in human P. falciparum infection, we found that gd T cells expanded rapidly after resolution of acute parasitemia, in contrast to ab T cells that expanded at the acute stage and then declined. Single-cell sequencing showed that TRAV15N-1 (Vd6.3) gd T cells were clonally expanded in mice and had convergent complementaritydetermining region 3 sequences. These gd T cells expressed specific cytokines, M-CSF, CCL5, CCL3, which are known to act on myeloid cells, indicating that this gd T cell subset might have distinct functions. Both gd T cells and M-CSF were necessary for preventing parasitemic recurrence. These findings point to an M-CSF-producing gd T cell subset that fulfills a specialized protective role in the later stage of malaria infection when ab T cells have declined.
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In Brief gd T cell frequency increases late during mouse and human malaria. Mamedov et al. show that oligoclonal TRAV15N-1 (Vd6.3) gd T cells expand across various tissues and prevent late-stage parasitemic recurrence. These protective gd T cells exhibit a distinct transcriptional profile that includes abundantly expressed M-CSF, which protects against Plasmodium recurrence.
INTRODUCTION
In 2015, there were an estimated 212 million new cases of malaria worldwide, with approximately 429,000 deaths (World Health Organization, 2016) . With the emergence of Plasmodium falciparum strains that are resistant to artemisinin-based firstline treatments, developing a highly efficacious vaccine continues to be the most promising solution to the global malaria burden (Ashley et al., 2014; Cowman et al., 2016) . Therefore, understanding the entire adaptive immune response against Plasmodium infection is of considerable importance. While much is known about the role of humoral and ab T cell-mediated immunity during malaria, the role of gd T cells remains the least understood aspect of the adaptive immune response.
P. falciparum infection in children, malaria-naive adults, and malaria-experienced adults has been shown to result in the expansion of gd T cells (Ho et al., 1994; Hviid et al., 2001; Roussilhon et al., 1994) . In volunteers immunized with attenuated P. falciparum sporozoites, gd T cell expansion and frequency was the best correlate of protection compared to all other cellular immune responses (Ishizuka et al., 2016; Seder et al., 2013) . Allowing for precise kinetics, controlled human malaria infections have shown that gd T cells in malaria-naive adults expand late after infection, with elevated cell frequencies and enhanced responsiveness to stimulation with P. falciparum persisting for over 1 year (Teirlinck et al., 2011) . Similarly, mice infected with the rodent-specific Plasmodium chabaudi parasite experienced a 10-fold expansion of gd T cells (Langhorne et al., 1993; van der Heyde et al., 1993) . Mice deficient in gd T cells have been shown to experience substantial parasitemic recurrence, commonly referred to as recrudescence, during P. chabaudi infection Seixas et al., 2002; Weidanz et al., 1999) . Obtained either from P. falciparum-infected human subjects or P. chabaudi-infected mice, gd T cells have been shown to be a major source of interferon-g (IFN-g)-the cytokine most commonly associated with protection against malaria (McCall and Sauerwein, 2010; Seixas and Langhorne, 1999; Teirlinck et al., 2011) . However, whether IFN-g or some other gd T cellderived factor is responsible for preventing recrudescent parasitemia in the later stages of infection has not been established.
Additionally, the role of the gd T cell receptor (gdTCR) in anti-malarial protection has not been fully elucidated. Human infection or inoculation with P. falciparum parasites elicits a response from Vg9Vd2 gd T cells, which comprise about 75% of all gd T cells found in peripheral blood of healthy individuals (Ishizuka et al., 2016; Roussilhon et al., 1994) . No such stereotypical response has been established in the mouse models of malaria. Beyond identifying the V-region usage of the responsive gd T cells, the clonality of the responding gd T cells has remained a mystery in both human and mouse malaria. In the absence of this information, it is yet to be established whether the increased gd T cell frequency can be ascribed to TCR-driven clonal expansion or peripheral recruitment.
Here, we demonstrated the substantial expansion and activation of a specific type of gd T cells following infection of mice with P. chabaudi. The kinetics of these gd T cells showed a pronounced difference from ab T cells, suggesting a specialized role in the late stage of disease following the resolution of acute parasitemia. Similarly, we observed a late activation of gd T cells in malaria-naive volunteers infected with P. falciparum. Using single-cell TCR sequencing, whole transcriptome analysis, and flow cytometry, we found that the expansion during P. chabaudi infections was restricted to specific clones of TRAV15N-1 (Vd6.3) gd T cells, which expressed a specific set of soluble factors known to recruit and shape the myeloid compartment (the cytokines M-CSF, CCL3, CCL5). This demonstrated that a subset of gd T cells defined by a restricted TCR repertoire and a distinct functional profile protects against late stage P. chabaudi parasitemia in a TCR-dependent manner, which activates a specific transcriptional program. More broadly, these data further show that the asymptomatic period following acute parasitemia is much more immunologically complex than previously appreciated.
RESULTS

Plasmodium Infection Induces gd T Cell Expansion and Activation
To assess the expansion and activation dynamics of all major T cell subsets, we performed a broad immunophenotyping study on CD4
+ and CD8 + ab T cells and gd T cells. Using a mouse model of blood-stage malaria induced by intraperitoneal injection of red blood cells infected (iRBCs) by Plasmodium chabaudi chabaudi AJ strain (Pcc AJ) ( Figure 1A) , we followed the cell frequency and activation kinetics of T cells in the blood and spleen. The gd T cells increased in frequency and upregulated activation markers only after the acute parasitemia has resolved. The gd T cell frequency and level of activation continued to increase and peaked at 21 days post-infection (d.p.i.), when the frequency of gd T cells had multiplied 30-fold over baseline frequencies in the blood and 15-fold over baseline in the spleen (Figures 1B and 1C) . The frequency of CD4 + and CD8 + ab T cells initially decreased in the blood and spleen after the infection started, with a recovery in the frequency of blood-borne CD4 + ab T cells around peak parasitemia ( Figure S1A ). Absolute counts of CD4 + and CD8 + ab T cells reached their maximum numbers at the time of highest parasitemia, which corresponds to the peak in splenomegaly (Figures S1B and S1C). To measure T cell activation, we stained for CD11a and CD49d, which are established markers of T cell activation during murine malaria (Butler et al., 2011) . gd T cell activation dynamics mirrored the expansion timeline, with 92% of blood-borne and 44% of splenic gd T cells exhibiting an activated profile at 21 d.p.i. (Figures 1D and 1E) . Meanwhile, activation of CD4 + and CD8
+ ab T cells in the blood generally mimicked the changes in parasitemia, with a delay of about 4 days in the spleen (Figure 1F) . The expression of CD62L and CD44 recapitulated the same activation patterns in ab T cells ( Figure S2 ). The contrasting timelines of cell frequency and activation changes observed in ab T cells and gd T cells suggested that the gd T cell compartment plays a role in the post-acute stage of the infection.
Human gd T Cells Are More Frequent and Highly Activated Late after Malaria Infection In studies of P. falciparum infections in malaria-endemic regions, determining true kinetics of the observed phenomena is difficult in the absence of a defined infection start time. Controlled human malaria infections (CHMI) in malaria-naive subjects exposed to blood meals of P. falciparum-infected mosquitoes have allowed for more precise dissection of cellular responses following infection. In particular, the frequency of gd T cells has been shown to be increased at late time-points (35 d.p.i. and later) after CHMI (Teirlinck et al., 2011) . Having observed the parallel phenomenon of increased gd T cell frequency after acute malaria resolved in the mouse malaria model, we sought to determine whether the late activation profile observed in murine gd T cell was also observed during human P. falciparum infections.
We examined peripheral blood mononuclear cells from 5 healthy subjects, each bitten by 5 Plasmodium-infected mosquitoes and administered anti-malarial treatment once developing parasitemia. As previously reported, the frequency of gd T cells at 35 d.p.i. was significantly increased compared to the preinfection levels, with the starting average frequency of 5.5% increasing to 13.6% of live cells at 35 d.p.i. Slight, yet significant, drops in frequency after infection were observed for B cells and CD56 bright natural killer (NK) cells, while no difference was observed in the ab T cell and CD56 dim NK cell compartments ( Figure 2A ). Phenotypic characterization of the gd T cells revealed that there was a significant upregulation of the effector memory (CD45RA Figure 2B ). In contrast, the preand post-infection time-points did not reveal any observable differences in the differentiation phenotypes of ab T cells ( Figure 2C) , showing that the changes in these parameters were specific to gd T cells. Figure 3A ). Due to increased frequency and/or splenomegaly, absolute numbers of gd T cells tripled in infected animals as compared to uninfected controls both at 9 and 14 d.p.i. (Figure 3B ). At 9 d.p.i., blood gd T cell frequency doubled to 1.0% in infected mice, which persisted until 14 d.p.i. The frequency of splenic gd T cells was unchanged at 9 d.p.i., but increased in the infected animals by 14 d.p.i. (Figure 3C ). In addition to increased amounts, gd T cells were also significantly more activated (CD11a + CD49d + ) at both time points in the blood and spleen of infected mice in comparison to the uninfected mice ( Figure 3D ). Therefore, infected mice whose parasite load was limited and rapidly cleared by anti-malarial treatment still experienced an expansion and activation of gd T cells, much like the P. falciparum-infected subjects. This result further showed that the gd T cell expansion observed during murine malaria is a useful model of the human gd T cell expansion.
gdTCR-Deficiency after Acute Parasitemia Results in P. chabaudi Recrudescence To determine the necessity of gd T cells in controlling the infection, we compared two models of gd T cell-deficiency. Previously, mice completely deficient in gd T cells were shown to experience strong parasitemic recrudescence during infections with P. chabaudi adami 556KA (C57BL/6 Tcrd À/À mice) or P. chabaudi chabaudi AS (C57BL/6 3 129 Tcrd À/À mice) Seixas et al., 2002; Weidanz et al., 1999) .
To assess the importance of gd T cells in our system, we infected C57BL/6 Tcrd À/À and wild-type mice with 10 5 Pcc AJ-iRBC. During the 30 days when the animals were monitored, Tcrd decreased core body temperature, but no marked differences in weight fluctuations (Figures 3F and 3G) . At 12 d.p.i., one infected wild-type animal was dead.
However, removing an entire lineage of T cells from an organism during ontogeny could have pleotropic effects that complicate the interpretation. Given the finding that gd T cells experience prolonged activation and expansion after acute parasitemia subsides, we sought to determine the importance of gd T cellcompetency in the post-acute phase of the infection by targeting gd T cells in vivo with antibodies. At 12 d.p.i., infected C57BL/6 wild-type mice were separated into two equivalent groups according to parasitemia, core body temperature, and weight change measurements. The mice received a single intraperitoneal dose of either anti-gdTCR antibody (clone GL3) or a monoclonal isotype control antibody (Armenian hamster IgG). Administering GL3 monoclonal antibody in vivo leads to prolonged TCR internalization lasting at least 14 days, without clearance of the actual gd T cells (Koenecke et al., 2009) . We confirmed that gd T cells persisted in P. chabaudi-infected mice administered GL3 antibody ( Figure S3 ). Silencing gd T cells in this manner, we could determine the significance of gdTCR-mediated effects on the post-acute stage of the Plasmodium infection. The animals whose gd T cells were silenced experienced a significant recrudescence in parasitemia at 16 d.p.i., with a much smaller recrudescence at 24 d.p.i. Meanwhile, the infection in the isotype control group proceeded typically ( Figure 3H ). Accompanying the renewed parasitemia in the gd T cell-silenced animals was a trend toward dropping body core temperature that reached statistical significance in one of the two independent experiments, while no such pathology was reflected in weight changes ( Figures 3I and 3J ). These results strongly implicated the gdTCR in the protective function of gd T cells.
TRAV15N-1 (Vd6.3) gd T Cells Clonally Expand during Murine Malaria
To further evaluate the contribution of this gd T cell population in the observed phenotype, we employed single-cell TCR sequencing, which allows both g and d TCR chains to be identified Wei et al., 2015) . With this information, we identified expanded clones, which are defined by the exact identity of all of the following parameters: Variable (V) d gene segment; joining (J) d gene segment; d-CDR3 (complementaritydetermining region 3) amino acid sequence; Vg; Jg; g-CDR3 amino acid sequence. Any TCR that is found to be identical for both g and d-chains in at least 2 cells is classified as an expanded clone. At 21 d.p.i., gd T cells were isolated from the spleens and blood of infected animals and uninfected vehicle control animals. Single-cell sequencing of these gd T cells revealed that the cells experience a high degree of clonal expansion, with 37 to 48 expanded clones among the 193-270 gd T cells successfully sequenced in any given infected mouse. Meanwhile, the baseline measured in the uninfected animals shows only one or two expanded clones among > 150 successfully sequenced gd T cells in each mouse ( Figure 4A ). A mean of 75% of the cells with both TCR chains identified belonged to one of the expanded clones in the infected mice, compared to the 2% in the uninfected animals ( Figure 4B ).
Apart from identifying specific clones, we examined the sequenced cells for trends in Vg and Vd-segment usage. animals were expressing TRAV15N-1, whereas the same V-segment was expressed by only 15% of gd T cells from the uninfected controls. This strong difference is observed having non-redundantly counted any clonally expanded set of cells as only one instance of Vg and Vd usage ( Figure 4C ). With respect to the g chain, there was a significant increase in TRGV1 gene segment usage in the gd T cells of infected animals and a significant drop in the usage of TRGV4. This skewing was driven by preferential pairing of TRAV15N-1 with TRGV1 ( Figure 4D ). Furthermore, the d-CDR3 sequences of a subset of expanded clones from different mice converged on certain amino acid motifs. For instance, there was an enrichment of clones that contain the IGGI motif encoded by the diversity (D)-gene segment TRDD2. Also, certain clones were enriched for a hydrophobic amino acid (leucine or methionine) in the first position after the TRAV15N-1-encoded CALWEL sequence. Finally, two groups of expanded clones from several mice contained very similar d-CDR3 sequences: CALWE(L/S)LRA(S/T)DKLVF and CALWELAGYEXXDKLVF (X denoting any amino acid) ( Figure 4E ).
Corroborating the almost exclusive expansion of TCR clones using TRAV15N-1, about 90% of gd T cells from infected animals Figure 1E) . The restriction to a single V-region on the d-chain and convergence toward certain d-CDR3 motifs showed that the gd T cell expansion was driven by the TCR and suggested narrow antigen specificity.
Protective gd T Cells Have a Distinct Transcriptional and Functional Profile
Having shown that the absence of functional gd T cells throughout the infection or specifically in the post-acute stage leads to parasitemic recrudescence, we sought to determine how gd T cells were mediating their protective capacity. Thus, we performed RNA-sequencing on gd T cells collected during the expansion phase at 19 d.p.i. from infected and uninfected vehicle control animals. At the level of global transcription, gd T cells from infected animals were close replicates of each other as shown by consistently low Jensen-Shannon distance scores; clustering of infected and uninfected groups along principle component 1 of the principle component analysis; and the high uniformity among transcriptional profiles on the level of individual genes ( Figure S4 ).
After ranking genes by differential expression between gd T cells from infected and uninfected cohorts, we compiled a list of the top 50 immune-related genes that are upregulated in the infected cohort ( Figure 5A ). Delving into the individual genes on this list revealed several sets of genes that have related function or classification. Confirming previous reports of highly expressed NK cell receptors on activated gd T cells, a series of killer cell lectin-like receptors (Klra3, Klra9, Klrb1b, Klrb1f, Klre1, Klri1, Klri2) and Cd244 (encodes for Natural Killer Cell Receptor 2B4) were upregulated among gd T cells from the infected animals (Cohen et al., 2013 (Table S1 ). Furthermore, three splice variants of Csf1 are known to exist, two of which (variants 1 and 3) are known to encode for secreted isoforms of macrophage colony-stimulating factor (M-CSF), while variant 2 encodes for the cell-surface isoform of M-CSF (Stanley and Chitu, 2014) . The frequency of variant 1 (89%) and variant 3 (10.5%) among all Csf1 transcripts indicates that the expanded gd T cells express the secreted isoforms of M-CSF, with negligible, if any, levels of cell-surface M-CSF ( Figure 5B ). While not among the top 50 immune-related genes, the gene encoding CCL5, which is related to and shares the chemokine receptors CCR1 and CCR5 with CCL3, was upregulated 8-fold in the infected cohort (Table S1 ). As the protein encoded by Csf1 (upregulated 251-fold) is known to promote development and polarization of macrophages, while the protein encoded by Ccl3 (upregulated 191.5-fold) is known to recruit various myeloid cell subsets, we sought to validate the transcriptional findings of these two genes and the related Ccl5 at the protein level to elucidate the mechanism by which the expanding gd T cells are suppressing blood parasitemia.
At 19 d.p.i., when gd T cells were highly expanded ( Figure 5C ), the frequencies of gd T cells expressing M-CSF, CCL5, and CCL3 were quantified by intracellular cytokine staining. We developed an M-CSF staining reagent for this purpose using an existing anti-M-CSF monoclonal antibody. Mirroring the 251-fold upregulation of Csf1 transcription at the protein level, the mean fluorescence intensity of the M-CSF signal shifted by more than 3 orders of magnitude in gd T cells from the infected animals ( Figure 5D ). Because most of the gd T cell expansion was attributed to cells expressing TRAV15N-1 and TRGV1 V-regions, we measured usage of these V-regions by M-CSFproducing gd T cells. On average, 91% (spleen) and 93% (blood) of M-CSF + gd T cells from infected animals were
, as shown by a representative plot (Figure 5E) . A mean of 77% (spleen) and 68% (blood) of gd T cells from infected animals expressed M-CSF directly ex vivo without any additional stimulation, while fewer than 1% of gd T cell from uninfected mice contained intracellular M-CSF ( Figure 5F ). Additionally, no significant levels of intracellular M-CSF were detected in CD4 + ab T cells, CD8 + ab T cells, and B cells. Also, the myeloid compartment (CD11b + or CD11c + ) exhibited modest changes in M-CSF expression ( Figures S5A and S5B ). CCL5 was highly upregulated in gd T cells from infected animals. Finally, production of CCL3 among splenic gd T cells was increased in infected animals, while no statistically significant increase was observed in the blood ( Figure 5F ). The frequencies of gd T cells expressing various combinations of M-CSF, CCL5, and CCL3 were also quantified. Among splenic gd T cells from infected animals, 42% expressed all three cytokines and 35% produced only M-CSF and CCL5. As for blood-borne gd T cells from infected animals, 14% expressed all three cytokines and 53% produced only M-CSF and CCL5. The combination of only M-CSF and CCL3 was rarely observed. The frequency of gd T cells producing only CCL5 and CCL3 stayed consistently low among the assayed tissues and infection states ( Figure 5G ). To determine the maximal capacity of gd T cells to make CCL5 and CCL3, we quantified the frequency of cells producing these chemokines after culturing blood-borne cells with protein trafficking inhibitors in the absence or presence of PMA and ionomycin (PMA/I). In the absence of PMA/I, frequency of CCL5 + and CCL3 + gd T cells increased 10-fold and 3.5-fold, respectively, in the infected animals. Among cells cultured with PMA/I, frequency of CCL5 + gd T cells doubled and that of CCL3 + gd T cells modestly increased in the infected animals ( Figure S5C ). In this assay, we also stained for interleukin-22 (IL-22), IL-4, IL-13, IL-17A, perforin, granzyme B, and IL-10, none of which was detected at significant levels in gd T cells from infected or uninfected animals. Also, gd T cells from infected animals cultured with PMA/I did not upregulate IFN-g more than gd T cells from uninfected animals (data not shown). Our data showed that the expanded gd T cells abundantly express a distinct set of cytokines, including CCL3, CCL5, and M-CSF, the latter being restricted to TRGV1 + TRAV15N-1 + gd T cells
M-CSF + TRAV15N-1 gd T Cells Are Expanded in the Liver and Lung
To further understand the extent of gd T cell expansion and phenotypic changes during murine malaria, we examined non-lymphoid sites relevant to malaria and gd T cell biology-liver and lung. Both of these organs, as well as the spleen, carry a substantial parasitemic burden in the postacute stage of the P. chabaudi infection (Brugat et al., 2014 Figure 3H ). Treatment with the anti-gdTCR antibody clearly inhibited expansion in the liver, lung, and spleen. In the comparison of uninfected animals to infected ones that received the isotype control antibody, gd T cell frequency among live hematopoietic cells (CD45  + ) increased about 4-fold in the liver and lung and about 10-fold in the spleen ( Figure 6A ). Across all three tissues, gd T cells were highly activated (CD11a + CD49d + ), enriched for TRAV15N-1 V-region usage, and had high frequencies of M-CSF + cells (Figures 6B-6D ). In addition, we found that infected animals had significantly increased levels of M-CSF in the spleen, which was strongly reduced in infected animals treated with the anti-gdTCR antibody ( Figure 6E ). Therefore, gd T cells are the major source of M-CSF in the spleen, and M-CSF-producing TRAV15N-1 gd T cells are present in tissues known to bear a substantial parasite burden in the post-acute stage of infection. We did not see this effect in the lung and liver, which might indicate that the spleen is a major site of gd T cell activity for preventing recrudescence.
gd T Cells Are the Post-Acute Source of M-CSF While there was no detectable intracellular M-CSF in ab T cells at 19 d.p.i., we examined whether ab T cells produced M-CSF during the acute stage of the infection. An earlier study has shown that CD4 + ab T cells from C57BL/6 mice infected with P. chabaudi chabaudi AS express Csf1 and secrete M-CSF upon stimulation with PMA/I at 6 d.p.i. (Fontana et al., 2016) . We observed that CD4 + ab T cells produced M-CSF at 8 d.p.i.
directly ex vivo without additional stimulation. On average, 19% (spleen) and 4% (blood) of CD4 + ab T cells from infected animals produced M-CSF, while no detectable amounts were observed in uninfected animals. At the acute stage, 3% (spleen) and 10% (blood) of gd T cells also produced M-CSF ( Figure 7A ). In combination with substantially greater cell numbers at the acute stage, the larger frequency of M-CSF producers in the Having found that a large fraction of gd T cells produce M-CSF in the post-acute stage of infection, we wanted to determine the contribution of this cytokine to suppression of parasitemic recrudescence. As before, infected C57BL/6 wild-type mice were separated into four equivalent groups according to the measured health parameters and administered one of the following antibodies at 12 d.p.i.: (1) anti-gdTCR (Armenian Hamster IgG); (2) isotype control monoclonal (Armenian Hamster IgG); (3) anti-M-CSF (Rat IgG1); (4) isotype control monoclonal (Rat IgG1). Anti-M-CSF antibody and the corresponding isotype control antibody were administered again at 14 d.p.i.. As shown in Figure 7C , depletion of M-CSF led to a pronounced parasitemic recrudescence that reached a mean of 12% parasitemia at 16 days post-infection, in contrast to < 1% for the rat IgG1 isotype control animals ( Figure 7D ). This phenocopies the silencing or deletion of gd T cells, indicating that M-CSF, which is expressed by a specific subset of these cells, is critical for the suppression of later rounds of parasitemia.
DISCUSSION
While the responses of CD4
+ ab T cells, CD8 + ab T cells, and B cells during human and murine malaria have been extensively examined, our understanding of the gd T cell response has been quite limited. Although studies of human and murine malaria have shown increased gd T cell frequencies, little is known about the precise function of these cells (Roussilhon et al., 1994; Teirlinck et al., 2011; van der Heyde et al., 1993) . Focusing first on the kinetics, we found that gd T cells increased in frequency approximately 30-fold and 15-fold in the blood and spleen, respectively, and became highly activated (CD11a + CD49d + )
after the resolution of acute P. chabaudi parasitemia, reaching peak frequency and activation at 21 d.p.i. This is in contrast to CD4 + and CD8 + ab T cells, which were expanded and activated in parallel with blood parasitemia. Similarly, in malaria-naive volunteers infected with P. falciparum, gd T cells exhibited a more activated effector phenotype (CD38 + CD45RA that gd T cells were expanding during late time points when the ab T cells were already contracting in frequency, with Vg1 and/or Vg2 gd T cells representing the largest portion of the gd T cell population at the latest time-point (Carding et al., 1990) . The time-course data shown here demonstrate that this late expansion involves a very specific gd T cell type whose cytokines, particularly M-CSF, suppress parasitemia.
Further establishing the expansion of murine gd T cells as a useful model of the same phenomenon during human malaria, we observed that murine gd T cells are also expanded and activated even if the parasites are cleared at the acute stage with the anti-malarial artesunate. The expansion of murine gd T cells, reaching 10-to 20-fold about 3 weeks after P. chabaudi infection has been a long-standing puzzle (van der Heyde et al., 1993) . In general agreement with previous reports of Tcrd À/À mice infected with P. chabaudi chabaudi AS or P. chabaudi adami 556KA (Seixas et al., 2002; Weidanz et al., 1999) , infection of gd T cell-deficient mice in our system (P. c. chabaudi AJ in C57BL/6 Tcrd À/À mice) resulted in three peaks of parasitemia. While this result strongly suggested that gd T cells are involved in suppressing renewed parasitemia, one cannot discount the possibility that in the absence of gd T cells during the acute stage of the infection, the parasites were insufficiently cleared in various organs and were primed for recrudescence. Thus, by blocking the ability of gd T cells to recognize ligands through the TCR after the acute stage of the infection, we definitively showed their role in preventing recrudescence. The possible mechanisms accounting for increased gd T cell frequency were either recruitment of tissue-resident gd T cells to the blood and spleen or TCR-driven clonal expansion. We investigated this using single-cell TCR sequencing and flow cytometry. The paired-chain TCR sequencing data showed that the increased abundance of gd T cells was largely attributable to clonal expansion of gd T cells that preferentially express the TRAV15N-1 (Vd6.3) V-gene segment of TCRd, with a corresponding increase in TRGV1 (Vg1). Furthermore, about 90% of gd T cells at the peak of their expansion were shown to be TRAV15N-1 + by flow cytometry. Therefore, increased gd T cell frequency and the corresponding control of parasitemia during infection with P. chabaudi were largely driven by gdTCR-dependent expansion. Additionally, Vg4 gd T cells can act as negative regulators of Vg1 gd T cells (Welte et al., 2011) . Therefore, the observed drop in TRGV4 (Vg4) usage could provide a partial explanation for the late expansion of TRGV1 + TRAV15N-1 + gd T cells. Other explanations include the low starting frequency of the specific clones that are found to be highly expanded at the peak of expansion, as well as the possibly late availability of whichever ligands trigger this activation and expansion. The combination of an almost exclusive use of TRAV15N-1 and the convergence on particular CDR3-motifs by the expanding clones suggests narrow antigen specificity.
Notably, a body of literature shows that TRGV1 (Born et al., 1990; Fu et al., 1993; O'Brien et al., 1992) . Since the peptide derived from murine HSP-65 is 76% identical to the corresponding stretch of the homologous P. chabaudi HSP-60, these published findings offer the intriguing possibility that the expanded clones shown are cross-reactive gd T cells responding to P. chabaudi or mouse-derived HSP-60. TRGV1 + TRAV15N-1 + gd T cell clones have also been shown to respond to synthetic copolymers of glutamic acid and tyrosine, as well as to cardiolipin and related anionic phospholipids (Born et al., 2003; Cady et al., 2000) . We are currently exploring these ligands as candidates for the expanded gdTCRs identified in this study.
Having characterized the expansion of this oligoclonal set of gd T cells, we proceeded to determine the functional properties of this gd T cell population. Whole transcriptome analysis of gd T cells from infected and uninfected animals revealed a strong upregulation of numerous factors, including M-CSF, known to stimulate and recruit myeloid cells. Canonically, gd T cells are mainly thought of as IFN-g or IL-17-producers (Chien et al., 2014) . In the context of P. falciparum, human gd T cells either exposed to the parasites in vitro or obtained from CHMI subjects have been shown to produce pro-inflammatory cytokines, with a strong focus on IFN-g (Goodier et al., 1995; Teirlinck et al., 2011) . Expression of IFN-g was also shown to be elevated in murine gd T cells during the first two weeks of P. chabaudi infection (Seixas and Langhorne, 1999) . These earlier results, together with those reported here, strongly imply that two distinct types of gd T cells are involved in the response to P. chabaudi infection. The acute phase gd T cells mostly produce IFN-g, while the late stage gd T cells produce M-CSF. Using intracellular cytokine staining in gd T cells, we validated the expression of M-CSF, CCL3, and CCL5. Chemokines CCL3 and CCL5 are known to mediate migration of macrophages, neutrophils, natural killer cells, and CD8
+ ab T cells primarily by signaling through CCR1 and CCR5 (Griffith et al., 2014) . In general, myeloid cells (phagocytic cells, CD169 + macrophages, and inflammatory monocytes) are involved to varying extents in the immune response to Plasmodium parasites (Fontana et al., 2016; Spence et al., 2013; Sponaas et al., 2009 ). The intracellular M-CSF signal shifted by more than 3 orders of magnitude in the infected gd T cells directly ex vivo. We also showed that post-acute depletion of M-CSF phenocopies the post-acute silencing of gd T cells, suggesting that gd T cells could be suppressing parasitemia via M-CSF.
Little is known about the role of M-CSF during malaria. Levels of this cytokine were elevated in patients admitted with P. falciparum and P. vivax infections, and in mice infected with P. chabaudi or P. berghei (Lee et al., 1997; Villeval et al., 1990) . A recent report implicates CD4 + ab T cell-derived M-CSF in protection against P. chabaudi parasitemia (Fontana et al., 2016) . By intracellular cytokine staining, we confirmed that during the acute stage CD4 + ab T cells produced M-CSF protein and were the main T cell subset to do so. However, we also show that in the post-acute stage, gd T cells were the only T cell type with detectable intracellular M-CSF. While Fontana and colleagues show post-acute parasitemic recrudescence in animals whose Csf1 has been deleted in CD4 + cells, interpretation of these results is complicated by the extended tamoxifen treatment given to the mice-as evidenced by unusually high recrudescent parasitemia in control animals. Our data showed that gd T cells can be polarized toward production of M-CSF and accessory cytokines (i.e., CCL5, CCL3) that influence the myeloid compartment. This functional phenotype coupled with the restricted TRAV15N-1 V-repertoire suggests that this is a distinct subset of gd T cells that specializes in interacting with the myeloid compartment during infection. Cancer studies have shown IL-17-dependent crosstalk between gd T cells and myeloid cells, while infections of gd T cell-deficient mice with Bordetella pertussis, Listeria monocytogenes, or Escherichia coli have shown dysfunctional myeloid recruitment (Shibata et al., 2007; Silva-Santos et al., 2015; Skeen et al., 2004; Zachariadis et al., 2006) . These M-CSF-producing gd T cells suggest a mechanism for understanding how gd T cells might shape the myeloid response during cancer or infection.
In light of our findings that the expansion and activation of M-CSF-producing TRAV15N-1 gd T cells extend to the liver and lung, the tissue-specific role of these cells remains to be fully elucidated. Early studies have shown that specific gd T cell clones inhibit Plasmodium yoelii sporozoites in the liver (Tsuji et al., 1996; . Whether TRAV15N-1 gd T cells work in the same fashion during the hepatic stage of P. chabaudi infection remains to be determined.
In addition to contributing to a greater understanding of malaria, the mouse P. chabaudi infection provides a model for general understanding of gd T cells, which remain one of the least understood cell types within the immune system. Our findings take substantial steps forward in elucidating the mechanisms through which gd T cells provide protection during malaria and reveal a subset of gd T cells with distinct phenotypic and functional characteristics. Following the convention set for IL-17 and IFN-g-producing gd T cells (Tgd-17 and Tgd-IFN-g) (Jensen et al., 2008) , we propose to designate this M-CSF-producing subset TgdM.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: C57BL/6J mice were bred in the facility. All mouse experiments were approved by the Stanford Administrative Panel on Laboratory Animal Care. The animals were rested for at least 7 days prior to any experiments. Only female mice were used for all the experiments, except for the flow cytometry-based validation of TRAV15N-1 expression in expanded gd T cells, which was done in both male and female mice.
Controlled Human Malaria Infection Samples PBMC samples were collected as part of a collaborative clinical trial of the Radboud University Medical Center and the Leiden University Medical Center involving volunteers who provided informed consent (Schats et al., 2015) . The Central Committee for Research Involving Human Subjects of the Netherlands (NL39414.000.12) approved the study, which complied with the Declaration of Helsinki and Good Clinical Practice and was registered at ClinicalTrials.gov (Identifier: NCT01660854). Each healthy, malaria-naive volunteer was infected with P. falciparum clone NF135.C10 via bites of five Anopheles stephensi mosquitoes. The infected volunteers were monitored as outpatients once daily at days 5 and 6, twice daily at days 7-15, and once daily at days 16-21. At each visit, a thick blood smear was performed for determination of blood parasitemia. As soon as two unambiguous parasites were detected by microscopy in a thick smear of 0.5 mL of blood, the infected volunteer was administered 1000 mg atovaquone and 400 mg proguanil once daily for three days according to Dutch national malaria guidelines. One day prior to the infection and at 35 d.p.i., peripheral blood mononuclear cells were isolated and cryopreserved. The analyzed samples were obtained from 4 female and 1 male volunteers aged between 21 and 34.
METHOD DETAILS Mouse Infections
Mice were given intraperitoneal (i.p.) injections of frozen stocks of P. chabaudi-infected RBCs (iRBCs). Once the parasitemia reached 10%-20% (7-10 days post-infection), freshly obtained 10 5 iRBCs in Krebs saline with glucose (KSG) (Spence et al., counted regardless of whether the paired g-chain was identified, and vice versa. Additionally, any group of cells that were classified as part of a single clonal expansion was counted as one instance in the quantification of V-region usage.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data are shown as mean ± standard error of mean (SEM). Statistical analysis was done with Prism 7.0c (GraphPad Software, Inc.). Statistical significance was determined using a two-tailed, unpaired Student's t test. Statistical significance is indicated as follows: not significant, NS > 0.05, *p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Sample sizes (n) for all shown data can be found in the figure legends. Sample sizes were determined based on initial experiments.
DATA AND SOFTWARE AVAILABILITY
The RNA-seq data from expanded gd T cells has been deposited in the Gene Expression Omnibus (GEO, NCBI) under accession code GSE108478.
